Abstract. The paper presents an analysis of tribological wear of an assembly composed of cylinder liner and piston rings in a piston aircraft engine. In place of the previously used technology of gas nitriding of the cylinder liner (made out of 38CrAlMo6-10 steel), formation of multi-component or composite layers by nitriding in plasma discharge environment was proposed. Also, a modification of the previously used chromium coating of the piston rings by plasma nitriding was proposed. A study on the structure and properties of surface layer diffusion manufactured by utilizing the phenomenon of cathode sputtering was carried out. Wear resistance tests were performed on a specially designed bench, with the use of isotope markers. Verification of each of the friction couples was based on using the wear of the ring as a function of the distance trip, and the roughness of the cylinder liner and ring. inder liners and piston rings. It derives from the principle of the crankshaft operation (lateral forces on the piston in a plane normal to the piston pin), and non-uniform thermal deformation, particularly in the region of the external piston turning point. In the context of increased operational period and engine power, there was a need to significantly modify the existing manufacturing technology of cylinder liners, rings, and cooling system.
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The research was multi-threaded and was focused on creating an improved version of the high-performance piston aircraft engine.
Because of the volume of material obtained due to the longterm cooperation with the industry, the authors find it best to present the work in stages.
The authors establish the first stage of this work in relation to prolonging the life of the cylinder assembly of the high-performance piston aircraft engine using surface engineering technology.
Analysis of wear and tear of cylinder assembly
The measurements of profiles of piston rings and deviations from the circularity of the cylinder liners in subsequent cross-sections (normal to the axis) and sections forming the cylinder, carried out during the inspections of disassembled engines, conducted during periodic reviews (after 1200 hours of operation), showed a significant variation of the deviations from the nominal diameter and the position of the extremes of deviation from the plane of action of the reaction time [1] .
Most of the values obtained during the measurements had their maximum resolution of wear in the zones of turning positions of the piston. However, around 30% of the cylinders have
Introduction
Operational problems of ASz62-IR engines and the loss of competitiveness on the aerial engine market have led to a significant modernization. This mainly applies to an increase in the service interval, increase in power, and a reduction of fuel and oil consumption and vibration levels, while maintaining the current size and weight of the engine. This involves major design changes and technological developments to the engine. Increasing the service interval requires an increase in the sustainability of the elements and components in general, specifically of the components responsible for engine safety. During a periodic inspection, cases of fatigue damage of such elements and components, due to the high load, were found. The planned increase of the mentioned parameters by 20% has increased the likelihood of damages. The planned power increase, while improving service intervals, excessively increased the load on the existing crank-piston system. It was necessary to redesign the main, and optional to redesign the secondary connecting rod assembly.
For the increased mechanical load (air pressure) in the cylinder unit, additional thermal loads were added. Stainless steel cylinder liners were connected with aluminum alloy heads using a threaded coupling and a friction fit (shrink connection). Assurance that the connection will be maintained was reached by not exceeding the critical temperature of the air-cooled cylinder head. The increased mechanical and thermal loads affect the valve set, particularly the exhaust valves. An important problem to solve was the uneven wear of tribological couplings in cyl-94 Bull. Pol. Ac.: Tech. 65(1) 2017 W. Ostapski, T. Wierzchoń, J. Rudnicki, and S. Dowkontt the maximum wear (in cross-sections normal to the cylinder axis) shifted by approximately 45° relative to the parting plane of the body. The body of the ASz-62IR engine is divided. The plane of action of the reaction torque coincides with the parting plane of the body. At that plane, it was possible to rotate the piston relative to the pin, and here we would expect increased consumption that takes away the cylinder liner. However, if you take into account the differentiated thermal deformation caused by the airflow around the cylinder liner, such a shift in maximum wear is justified. This is mainly dependent on the application and the correct settings of deflectors. The analysis of the influence of mechanical stresses and irregular thermal loads on the state of stress and strain in the cylinder liner of the ASz-62IR engine is shown in [1] .
Additional causes of such character of distribution may be: • Excessive tolerances in the elements of the cylinder liner and its socket in the engine housing.
• Misalignment of the cylinder liner relative to the socket in the engine housing, uncompensated by permitted axial and radial displacement of the connecting rods.
• Excessive dynamic lateral forces causing the piston to swing.
• Large clearances between the piston and cylinder wall in the cold engine. The worst case of the eccentric mounting occurs when the maximum lies in a plane rotated by 45° relative to the plane of action of the reaction torque. In this case, there are larger lateral forces occurring than in the case where the deviation misalignment of the cylinder liner and the socket in the engine housing lies in the plane of the reaction torque of the engine. If the difference lies in the plane of the piston pin axis, the lateral force will be greater than it would be in the case where the deviation lies in the plane of torque. However, it will be less than it would be in the case when the position of the deviation in a plane was rotated by 45° relative to the plane of action of the reaction torque. This happens due to the fact that the movement in the worst case will be more complex: rotation and travel along the pin will be present, causing strong spatial oscillations of the piston. The other two extreme cases of the position deviation were the rotation or sliding of the piston. In each of these cases, there is the pendulum movement of the piston, irrespective of the application of predetermined eccentricity of the location of the pin, relative to the plane of symmetry of the piston. The presence of significant lateral forces acting on the piston and pin, leading to spatial oscillations of the piston, leads to flanging of the piston rings and their function in extremely unfavorable conditions (increased pressure and working under boundary friction). In several cases, there was direct striking contact between the piston skirt and the cylinder wall, resulting in plasticity deformation.
Under these conditions, the friction couple -the piston ring and cylinder liner -in a reciprocating movement, with the increase of clearances, causes further increasing lateral dynamic forces [2] . Reduced engine life due to wear and corrosion is a consequence not only of the existing technology of surface treatment of the cylinder and rings, but also of errors made during the construction.
Technology of manufacturing anti-wear diffusion layers in components of piston aircraft engine
A preliminary analysis of the factory data in search of reasons for damage and reduced operating capacity of the ASz-62IR engine [1, 2] indicated a few sources of these problems [2] . One of the most important ones is the excessive wear and corrosion of the cylinder and piston rings unit. This paper presents the results of a research into the improvement of the tribological cylinder and piston rings unit. It proposed the formation of nitrided layers and composite in processes of nitriding, oxygen and carbonation nitriding in plasma discharge conditions in place of previously used gas nitriding of cylinder liner (made out of 38CrAlMo6-10 steel) [3, 4] . There was also a proposed modification of the chromium coating formed on the piston rings by the plasma nitriding process [5, 6] .
A study was conducted on the structure and properties of the produced surface layers (Figs. 1-6 ). Figs. 1 and 2 show the results of wear resistance of layers produced by "three rolls + cone" [7] . Studies have shown that diffusion layers obtained on 38CrAlMo6-10 steel are characterized by high resistance to friction wear ( Fig. 1) , best in layers after the process of oxygen nitriding. It should be emphasized that an important role in the formation of the diffusion layers is played by the sputtering process during the heating of elements to the process temperature. This makes it possible for the layers created on parts with complex shapes to have uniform thickness. It has been shown that in process temperatures up to 560°C, in the outer layer, an outer zone Fe 4 N + Fe 2-3 N, known as the transition zone, with a thickness of 250 microns is formed by iron nitride. It was found that increasing the temperature in the range 520-560°C increases the thickness of the area of nitrides in the nitrided layer by up to approximately 25 μm for a temperature of 560°C in a 12 h process. Micro-hardness of the surface layer produced was in the range 980-1300 HV0.1 (Fig. 2) . The oxygen and carbon nitrided layer has the highest hardness of the surface layer (4). The nitrided layer of the nitride zone (1) and the oxygen nitrided layer (3) have a similar surface micro-hardness. The transition zone shows the lowest hardness. Microstructures of the layers created on 38CrAlMo6-10 steel in selected processes are shown in Figs. 3-6. In the created layers there are compressive stresses. Such distribution of stresses in the nitrided component is advantageous, because it allows for an increased fatigue strength of the processed parts [2] .
The thickness of the zone of nitrides in the nitrided layer is small compared to the thickness of nitrided elements. For this reason, there is often too high of a tension gradient between the nitrided layer, particularly the outer zones of nitrides of iron, and the core. It may be a disadvantage, especially when the working component is subjected to dynamic loads or high surface pressure. In extreme cases, there may be flaking of nitrides in the area, and hence deterioration in the performance of the nitrided element. For these reasons, it is preferable that changes in stress from the surface nitrided component to its core are as gentle as possible. As is known, residual stresses in the nitrided layer depend mainly on the phase composition and the nitrogen content in the layer of the transition zone [8] . The nitriding process creates opportunities for the production of nitrided layers of a well-defined composition phase (Figs. 3-6 ).
The use of plasma discharge nitriding, as compared with the conventional method of gas nitriding treatment of aircraft engine components, allows for:
-energy efficiency of the process by reducing the nitriding time by about 30-40% and heating the work pieces only in low temperature plasma; -ecological purity of the technological process by replacing ammonia with either a mixture of H 2 + N 2 or N 2 -only nitriding process or H 2 + NB + CH 4 (up to 10%) carbon W. Ostapski, T. Wierzchoń, J. Rudnicki, and S. Dowkontt nitriding process, or with H 2 + NB + air (about 4%) -oxygen and nitriding process; -fully adjustable phases of composition of layers with different thickness zones of iron, both with and without the compounds zone. The surface layers are of varying diffusion state of residual stress, depending on the process and type of layers formed. There are compressive stresses [2, 7] ; -eliminating the need to grind (the plasma discharge nitriding process is a finishing treatment); -the ability to thread complex shape parts. The advantages of the plasma nitriding processes allow for the formation of layers with optimal characteristics in terms of their specific applications. Forming the structure, chemical composition, and thickness of the individual zones of the layer has an impact on the internal stress of the layer, and thus the useful properties.
Production of wear-resistant composite layers on the surface of piston rings
The research was designed for the production of wear-resistant composite layers on the surface of piston rings in a piston aircraft engine with a previously-prepared chromium plating film, using the process of nitriding. The study was conducted on piston rings made of cast iron and electrochemically coated with chromium, with a thickness of 150 µm, and a ring made of H12MF steel, also with a chromium coating and the same thickness. The plasma nitriding process was carried out twice, lasting for 6 h and 12 h. The pressure in the reactive mixture in the working chamber for the two trials was different, and as follows: 2 hPa or 4 hPa. Also, before the nitriding process, cathode sputtering in argon and hydrogen was applied. The temperature of the plasma nitriding was in the range of 480-560°C.
The study employed a sample of the materials used for the production of piston rings provided by the engine manufacturer, i.e.:
-ductile cast iron special S-13 (chemical composition: (Figs. 7-9 ). Visible on the surface of the coating, the cracks were formed by changing the polarity of the electric current in the final stage of the galvanic process. Fig. 7 shows the socalled "dense" network of cracks that formed during the electrochemical application of chromium to ductile iron rings. Fig. 8 shows the so-called "dense" grid cracks resulting from the application of chromium to H12MF steel ring, and Fig. 9shows the so-called "large" net cracks.
The presented research shows that a grid of cracks in the chromium coating has a significant impact on the surface. The fractures in chromium coating of iron occur in greater quantities. Grid cracks on the piston rings play an important role in the exploitation (oil micro-reservoirs), as well as in the plasma nitriding process. The study of microstructure chromium coatings (Figs. 10-13) was performed on transverse metallographic sections after etching it with Keller reagent with the following chemical composition: 0.5 cm 3 HF + 99.5 cm 3 H 2 0. The number of cracks inside the chromium shell of H12MF steel is clearly greater than in the coating on nodular cast iron, despite the fact that this layer has "dense" grid cracks on the surface. Cracks come from within the coating to the substrate.
The ductile iron and H12MF steel rings coated with chromium were subjected to plasma nitriding processes. Processing parameters are listed in Table 1 . about 16 µm) . This is due to the increase of the duration of the plasma nitriding process. The study of micro-hardness HV0.05 after plasma nitriding showed that the chromium nitride layer with the highest hardness of the surface (approximately 1800 HV0.05) was obtained in process No. 4 at a temperature of 560°C for 12 hours, while in the process No. 1, at a temperature of 560°C for 6 hours, the obtained surface hardness was 1650 HV0.05.
The study leads to the following conclusions and observations: 1. Plasma nitriding of chromium coatings on the piston rings of cast-iron and steel surface can generate chromium nitride -CrN and Cr 2 N with a hardness of about 1650-1800 HV0.05. The surface hardness of the chrome coating was 1100 HV0.05. 2. The most preferred parameters of the nitriding process in both rings of cast iron and steel are process temperature (560 ºC), duration of the nitriding process (6-12 h, depending on the thickness of the area of chromium nitrides) and pressure in the working chamber (4 hPa). 3. Surface diffusion layer of chromium nitride, as shown by our previous study [5, 6] , has a significant effect on the increase of resistance to frictional wear and corrosion of the treated materials. 4. The plasma nitriding process ensures the elimination of distortion of the rings and preserves the structure of the substrate, and thus its strength properties.
Research of friction couples of cylinder liners -piston rings with an anti-wear layer formed in the laboratory using the method of isotopic markers
The testing was conducted in a reciprocating movement, thoroughly modernizing the existing test bench. As part of the modernization of the bench for testing samples for friction and wear in a reciprocating motion, the following were designed and manufactured:
• head for clamping ring samples,
• drip lubrication system with automatic adjusting and supervision of oil flow, • heating system for samples with adjustable friction and temperature stability, • new set of bearings. The test bench consists of: 1. A drive system with a gear-reducing belt, 2. A crank system, 3. A movable holder for mounting the samples of the cylinder liner, 4. Head for mounting the ring samples, 5. The body with the head and the loading arrangement, 6. Drip lubrication system with automatic adjusting and supervision of oil flow, 7. Heating system for samples, with adjustable friction and temperature stability, 8. Vibration-insulated base. Proper emphasis is achieved by a system of blocks and weights clamping the head with the ring to the handle with the sample cylinder liner that executes the reciprocating motion. Speed control is achieved by changing the pulleys and the speed of the electric engine. The stroke is controlled in a crank system. A schematic of the measuring system is shown in Fig. 16 , and of the adjustable heating system in Fig. 17 . The study used radioactive isotopes to compare the degree of wear on the rings made by the manufacturer of the engine and modified by the employees of the Warsaw University of Technology [9, 10]. Radionuclide Ag 110m was introduced into the ring as an insert (Fig. 18) . In the ring, a hole with a diameter of about 0.95 mm and a depth of 0.8 mm was drilled. In this hole, a cylinder made out of active silver (Ag 110m ) with a diameter φ 0.95 mm and a length of 1 mm was inserted (Fig. 18) . To protect the insert from falling, QUICK METAL glue was applied, which tied the two elements. The setting time was shortened by heating the glued elements to a temperature of 60°C for 6 h. The prepared working sample of the ring and cylinder liner was subjected to reciprocating movement on a bench. A block diagram of the bench is shown in Fig. 16 . Measurement and regulation of the temperature on the surface of the ring were performed with a device constructed according to the scheme shown in Fig. 17 .
The process of friction for each cycle lasted: 1 st cycle -15 minutes with a ring loaded for 54 N 2 nd cycle -60 minutes with a ring loaded for 105 N 3 rd cycle -120 minutes with a ring loaded for 132 N (until the end of the friction process)
During the first cycle, the surface of the insert was leveled relative to the ring. The measuring point was not taken into account in further calculations.
The device was equipped with a counter of the number of strokes. The path of one stroke was 0.06 m. The path traveled by the cylinder liner on the ring is the sum of previous and current cycles.
Radionuclide Ag 110m was obtained by activating metallic silver in the MARIA reactor. Thermal neutron flux was 5*10 13 n/cm 2 /s, the time of activation was 7 h, and the mass of the insert was about 0.01 g.
Measurement of the intensity of radiation was conducted with HP detector produced by Ortec, which collaborated with a type S100 spectrometer produced by Canberra System, controlled using an IBM computer. This high-spectrometric system was used to exclude the impact of radiation emitted by any silver impurities.
Radionuclide Ag 110m emits gamma radiation with an energy level of 658 keV (with probability of 100%), 885 keV (42%), 764 keV (18%), 937 keV (18%), 706 keV (13%) and some energy with a low probability. The probability of radiation with an energy level of 658 keV was the highest, but because of the potential disruption caused by Cs 137 (which emits radiation with an energy level of 661 keV), the energy level of 885 keV was adopted for the calculation. After each abrasion cycle, the ring was measured three times. The average of these measurements is shown in the column of radiation intensities in Tables 2-5 [2, 9] . The resulting radiation intensity measurements, lasting 7-10 days for each series, were brought to zero time to exclude the decrease in radiation due to the degradation of Ag 110m (half-life of 253 days). The results are provided in Tables 2-5 , column No. 4 (radiation intensity at hour "00"). These measurement results were subjected to statistical processing. Regression was determined by describing a probable relationship between radiation intensity and distance traveled by rings on the cylinder liner. These relationships are illustrated in Tables 2-5 and Figs. 18-21 . From the equations describing the straight line placed in Figs. 18-21 , the wear of rings at the distance of 100 km was determined. Wear in this case is described as a decrease in radiation intensity (expressed in counts per minute), which results from the friction of the ring with the insert mounted moving along the surface of the cylinder liner. The conditions of the samples are more difficult than those in a real engine, assuming its correct functioning without any significant "nosing" of the piston. In a working ASz-62IR engine, the average speed is an order of magnitude greater, and the pressure on the ring is several times smaller. The amount of grease is also higher. hus, tribological conditions are better in the engine than on the bench.
To determine the regression line shown in Fig. 20 , the first two results in Table 2 were rejected. To determine the regression line shown in Fig. 21 , the first results in Table 3 The lapping time of samples was about 5-7 h, assuming full adherence of the sample ring to the curvature of the sample cylinder liner. For the first baseline sample, a 200-hour testing process was carried out, until the process marked an increase in wear (second inflection of the Lorenz curve). For the remaining samples, research was conducted in 40-hour periods of time to obtain several (eight) data points at which the intensity of radiation was examined. This was enough to determine the tangent of the pitch angle of the wear line, which is a reference measure in the wear tests using a radiation tracer. Based on the results of Simulation and bench studies of the constructively and technologically modernized high performance piston aircraft engine. Stage I Table 5 The basic results of wear of rings in OK1-OK2 couple
The results of measurements of friction couple 1WII-2
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[m]
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Analysis of the results
The aim of the study was to find the best piston ring -cylinder liner friction couple based on the minimum amount of wear [11] . Therefore, it was necessary to evaluate the wear and tear of the cylinder liner cooperating with the ring sample. First of all, the trace of cooperation on the surface of the cylinder liner is essential. Zero wear after a week of cooperation at the specified load conditions is practically not feasible. It means poor or no contact at the middle of the ring, where the silver isotope marker is located. No contact causes no wear in this area and excessive wear on the edge of the cylinder liner and the edges of the ring, which will not be detected by the isotopic marker. This may be caused by deformation, or twist, or other deformation of the ring or cylinder liners in the heat treatment process. Digital photos of traces of cooperation of friction couples are shown in Figs. 23, 24 and 27. Tables 6 and 7 . They show that the best in the assessment of wear is the couple 2 WII-3 (Table 7) , which shows no sign of cooperation in the central zone. There is, however, significant wear of the edges, so the sample is rejected. Clear signs of irregular adhesion and flanging make the IP1-IP1 couple classify as seventh in Table 7 . Therefore it is not authoritative.
Second in Table 7 is the couple OP2-PO2 with zero wear, which has a steady trace of wear at the cylinder liner and clear traces of cooperation at half height of the ring (Fig. 23) . The near absence of the silver isotope marker-based wear in the above case may have been caused by the marker being pressed in too deep or very hard in comparison to the cylinder liner surface of the ring. For full verification, it was necessary to test the hardness and micro-hardness of the ring and cylinder liner and assess the state of the surface by measuring the roughness and micro-waviness. Sample results are shown for the best couple, 1W1-1, in Figs. 25 and 26 .
In a collective list of measurements of hardness and surface roughness of the test samples, in Table 8 , the couple OP2-PO2 has a micro-hardness of the surface of the ring equal to 1430 HV0.05 and for the cylinder liner in the base, 1210 HV0.2. With the diversity of hardness and change of the roughness from Ra = 0.9 and Rz = 6.5 in the base portion to Ra = 0.44 and Rz = 2.98 in the working part of the cylinder liner, in practice, only it was worn. To a large extent, this may Table 7 .
Another couple (No. 3 in Table 7 ), 1WI-1, according to wear has a very good trace of cooperation on the surface of the cylinder liner with a clear trace of cooperation in the middle of the area (the marker zone), and a discernible trace of wiping on the ring (asymmetric cooperation).
The hardness of the cylinder liner in the base part was 1245 HV0.2, and in the working part it was 1148 HV0.2. Micro-hardness of the surface of the ring was 1080 HV0.05. The surface roughness of the base of the cylinder liner was Ra = 0.12, Rz = 0.99, and after the study it was Ra = 0.09, Rz = 0.75. Where: W -measuring of the operational part of the strip (Fig. 26) , B -measured at the base portion of the strip (Fig. 26) , P -measuring of the protruding part of the mating ring (the symbol after letter 'p' is determined by the signature on the ring; Fig. 26 ).
The fourth couple, OPI-PO1, according to the wear marker of the ring (No. 4 in Table 7 ) has steady traces of wear on the surface of the cylinder liner and visible traces of symmetrical cooperation on the ring (Fig. 24) . The slightly v-shaped track of wear of the ring indicates the setting of the ring according to the direction of travel of the liner once on the first, and once on the second half. The hardness of the cylinder liner in the working part was 998 HV0.2, and of the surface of the ring it was 1086 HV0.05. The surface roughness of the base part of the cylinder liner was Ra = 0.6, and after the study it was Ra = 0.4.
The fifth couple, 1WII-P2, according to the wear marker of the ring, showed a balanced trace and wiping of cylinder liner similar to the trace of cooperation of the ring of the preceding couple. The hardness of the cylinder liner in the base part was 1245 HV0.2, and the surface of the ring was 1193 HV0.05. The surface roughness of the base part of the cylinder liner was Ra = 0,28, and after the study it was Ra = 0.085.
Couple No. 8 in Table 7 , OK1-OK1, shows signs of edge cooperation with a clear narrow band in the marker zone (Fig. 27) . The ring has a larger radius than the cylinder liner and hangs on its edges. After grinding, the study continued. Wear in the central zone of the ring cannot be seen. There are noticeable traces of dulling on the edges, resulting from the cooperation with the edge of the cylinder liner. The hardness of the cylinder liner in the base part was 960 HV0.2, and for the ring it was about 1710 HV0.05. The hardness of the ring was determined with a load of 50 g, and of the cylinder liner with a load of 200 g. This was due to the large micro-hardness (15-20 μm) of the surface of the ring and decrease thereof in the area of galvanic chromium.
Micro-hardness measurements were carried out on a hardness tester, model Zwick 3212. The results in Table 8 contain the average values from six measurements. The measurements of roughness were carried out on a profilometer made by Bendix [2, 11] .
Conclusions
To achieve the best results, the tests were conducted according to the following criteria:
• minimum wear of the two contact surfaces • the state of the surface (roughness)
• uniformity of the signs of cooperation • in the case of increased wear -friction couples with numbers 3, 4, 5 (as in Table 7 ). Couple No. 2 had the best results, but it was not fully reliable. In the case of couples 3, 4, and 5, the hardness of the cylinder liner was higher than the hardness of the surface of the ring by an average of 166, 93, and 52 HV, respectively. In the case of couple No. 2, the ring was harder by an average of 220 HV compared to the cylinder liner.
The worst pairs, according to the wear criterion of the ring, were the friction couples No. 6 and 8, which had the rings harder than the cylinder liner by 1030 and 750 HV respectively.
It seems that a good combination, due to the minimum amount of abrasive wear, should not have much difference in hardness, but it should not be too close either. The maximum difference in the results above should not exceed 200 HV, and the minimum should not be less than 50 HV (for the established criterion for differentiation, HV0.2 and HV0.05). The
Simulation and bench studies of the constructively and technologically modernized high performance piston aircraft engine. Stage I size and depth of the etched mesh of lubrication pockets on the surface of the ring is also important. Better results were given by the friction couple with a thicker and deeper mesh (a mesh of lubrication pockets that are larger than average but not extreme). The pocket depth should be around 0.01-0.02 mm. In the process of chromium electroplating, the cracks should be minimized reaching down to half the thickness of the chromium layer (0.15 mm), particularly those extending to the substrate. This can lead to cracking, chipping and kickback of the chromium layer. It is recommended to use a traditional honing fit of the cylinder liner with the surface structure with the "cross" shape. However, due to increased wear in the area of the top dead position of the piston, the creation of a "lubricant trays" zone by laser micromachining is suggested. It should be noted that the method of testing the wear of friction couples of the sample cylinder liner and piston ring, despite the modification of the bench, does not guarantee full adequacy of actual engine operating conditions. In some friction couples, there was edge wear of isotope inserts (which were placed in the center of the ring sample), which did not reflect the actual wear process. The average speed in the studies was several times lower than in real conditions (shorter stroke of 60 mm in the studies and 175 mm in real engines), while the average pressure was several times larger. Lubrication on the bench was 1 drop per minute, and in the engine, it is 2xn per minute. The temperature of the head of the ring was t = 110°C. Under these conditions, there is no oil film. There is practically no possibility of raising the lubricant wedge. Mixed friction could exist only temporarily (after the oil drop lands). Evaluation of ring wear was achieved by the use of nuclear markers made out of silver isotopes. Wear of the cylinder liner samples was evaluated visually and by measuring the micro-roughness of worked and base surface. Due to different conditions of base areas for each sample of cylinder liners (polished, honed, turned), a fully meaningful comparison is difficult. Attention should be drawn to the size of the etching on the surface of the lubrication pocket mesh on the ring (its spacing and depth of the pockets). These are artificially-made lubrication pockets that have a beneficial impact on the stability of friction couples. In the cross-section rings, visible wedge-shaped gaps, reaching from the surface of the chromium layer to the substrate, are not preferred. To sum up, a complete and more reliable assessment of the proposed technology can be obtained after performing durability bench tests of the engine.
